Advanced astrophysical reaction-network calculations for the nucleosynthesis of heavy elements within the s, r, and p processes involve ten thousands of reactions. Most of the reaction rates are adopted from calculations based on the Hauser-Feshbach theory. Experimental investigations of photoneutron reaction rates are well suited to test the reliability of these calculations and to constrain the nuclear-physics input relevant for statistical model codes. In this context, recent experimental results stemming from photoactivation experiments are discussed.
Introduction
Most of the elements heavier than iron are produced by neutron capture processes in the socalled s and r processes [1, 2, 3] . However, a certain number of proton-rich isotopes between Se and Hg cannot be synthesized in either of these two processes and are often referred to as p nuclei [4, 5] . These nuclei are believed to originate from the so-called p process, in which most of the p abundances can be produced from s-and r-process seed nuclei by a combination of (γ, n), (γ, p) and (γ, α) reactions in explosive astrophysical scenarios like SN type II. Additional contributions to the p abundances presumably stem from further nucleosynthetic processes like the rp process, ν p process, ν process, etc.. To pinpoint the contributions of the various processes to the nucleosynthesis of heavy elements an accurate knowledge of a huge number of reactions rates is required.
Large efforts have been made in the past decades to provide reliable experimental data for astrophysically relevant reactions. In particular, a comprehensive data base of highly-accurate neutron-capture cross sections on isotopes along the valley of stability has become available [6, 7] . These cross sections are of major importance for the s-process nucleosynthesis and have led to significant improvements on stellar models. Further improvements of these models are yet strongly hampered by cross-section uncertainties for several unstable isotopes along the s-process path having half-lives comparable to the timescale of a neutron capture during the s process. Measurements of the neutron-capture cross sections of these so-called branching points are very challenging due to a lack of a proper amount of target material and the high radioactivity of the sample itself. Although some pioneering experiments on several long-lived branching points using nanogram amounts of radioactive material have been performed in the last years (e. g., see Refs. [8, 9] ), cross sections for shorter-lived branching points with half-lives less than several months cannot be measured directly at currently available experimental facilities. These cross sections have to be adopted from theoretical predictions which are subject to rather large uncertainties. A promising way to reduce these uncertainties is to measure the inverse reactions, i. e., the photoneutron reaction of the stable neighbouring nuclei [10] . As will be discussed in Sec. 3, these experiments allow to constrain some of the nuclear-physics input relevant for statistical model calculations of the inverse neutron-capture reaction.
Compared to the s process the experimental situation is much worse for the r and p processes. The explosive physical conditions governing these two processes rapidly move the reaction path away from the valley of stability towards unstable isotopes which can hardly be investigated in the laboratory. Therefore, the corresponding reaction rates have to be derived almost exclusively from calculations based on the Hauser-Feshbach theory. To improve the accuracy and robustness of these calculations as many experimental data as possible are mandatory to provide a stringent test for nuclear properties adopted for the various models. For this reason, photoneutron rates for photon energies in the astrophysically relevant energy region just above the neutron emission threshold have been investigated for isotopes covering a wide mass range in the last years. In Sec. 2 we report on experiments performed at the superconducting Darmstadt linear electron accelerator S-DALINAC.
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Determination of astrophysically relevant photoneutron rates
The High-Intensity Photon Setup (HIPS) at the S-DALINAC serves as an excellent tool to investigate photodisintegration reactions just above the particle emission threshold. At this setup a monoenergetic beam of energy E 0 < 10 MeV is impinging on a thick copper radiator and is converted into highly-intense bremsstrahlung of maximum photon energy E max = E 0 . This photon beam is used to irradiate the targets of interest at a photon flux of up to a few 10 7 photons keV s cm 2 for a duration of typically 24 hours. The photon flux is determined either by monitoring the photonscattering reaction 11 B(γ, γ ′ ) during the irradiation or is derived from the reaction yields of the wellknown photoneutron reactions 187 Re(γ,n) and 197 Au(γ,n) (see Ref. [11] for details). The reaction yields, i. e., the number of induced photodisintegration reactions, for the targets of interest and for the two standards 187 Re and 197 Au are determined by measuring the γ transitions following the β decays of the produced unstable nuclei with HPGe detectors after the irradiation.
As described in Ref. [12] , it is possible to approximate the spectral distribution of thermal Planck spectra for temperatures of a few GK using a superposition of bremsstrahlung spectra of various energies. Thus, ground-state reaction rates at typical p-process temperatures of 2 − 3 GK can be directly derived from a certain number of irradiations performed at different energies E max ranging from several hundreds of keV to 1-2 MeV above the neutron threshold. Using this method, experimental ground-state reaction rates for a large number of isotopes in the mass region A > 185 have been presented in several works, see, e. g., Ref. [13] . Recently, this data set has been extended by measurements on several isotopes in the rare-earth region [11] . The experimental data of photoneutron rates have been compared to calculations performed within the framework of two statistical model codes: the NON-SMOKER WEB code by Rauscher [14] and the TALYS code by Koning et al. [15] . An overview of the results is given in Fig. 1 . The calculations are in good agreement with the experiment within the experimental error bars showing mean deviations of only less than 20% to the experimental data. No systematic deviation between theory and experiment has been found as a function of neutron number. Even close to and at the neutron shell closures the calculations agree with the experimental data within a factor of two. This proves the accuracy of these statistical model codes. Moreover, since only global nuclear models have been adopted for both reaction codes (see default models described in Refs. [14, 15] ), reliable reaction-rate predictions can be expected even for isotopes outside the valley of stability. Nevertheless, a systematic discrepancy between the two statistical model codes of about 25% has been determined which is discussed to some extent in the following section.
Discussion on nuclear properties of relevance for statistical model calculations
Whereas the Hauser-Feshbach theory is well established, discrepancies between the calculations using various codes mainly have to be ascribed to the adopted nuclear-physics input like optical-model potentials, nuclear level densities and γ-ray strength functions. The sensitivity of statistical model calculations to the different nuclear properties can be tested by varying the adopted values for γ transmission coefficients, particle transmission coefficients and nuclear level densities within a certain factor and studying the impact of this variation on the calculated cross sections. Exemplarily, Fig. 2 shows the results of such a sensitivity study for calculations of the reactions 148 Nd(γ, n) and 147 Nd(n, γ).
The calculation for the photoneutron reaction is found to be mainly sensitive to the γ transmission coefficent whereas other nuclear properties show only a negligible contribution. Consequently, predictions for photoneutron cross sections are highly dependent on the γ-ray strength function. Experimentally determined photoneutron rates, therefore, serve as a stringent test for various descriptions of this function. The discrepancy in the predicted photoneutron rates between the NON-SMOKER WEB code and the TALYS code outlined in the previous section, thus, most likely stems from the different models of the γ-ray strength function entering the reaction codes. Details about these models are given in Refs. [14, 15] .
It becomes clear from Fig. 2 that an accurate knowledge of the γ-ray strength function also is of major importance for the calculation of neutron-capture cross sections. For those isotopes which cannot be studied directly via the neutron-capture reaction in the laboratory a promising approach is to derive a reliable description of the γ-ray strength function via the measurement of the inverse photoneutron reaction at energies very closely above the neutron threshold. As discussed in Sec. 1, such an approach is of particular interest for short-lived branching points in the s process. Figure 2: Sensitivity of predictions for stellar ground-state reaction rates to various nuclear input parameters which have been varied within a factor of 2. A sensitivity of 1 means that the predicted cross section changes by the same factor as the input parameter. The gray area indicates the astrophysically relevant energy region. These energy regions have been chosen to give a contribution of more than 95% to the total reaction rate at typical p-and s-process temperatures, respectively.
However, it has to be stressed that photoactivation experiments can only provide information of the γ-ray strength function for photon energies above the neutron threshold. Calculations of stellar photoneutron rates which also account for transitions stemming from thermally excited states as well as calculations of neutron-capture rates also strongly require an accurate description of the γ-ray strength function for photon energies below the threshold. This calls for complementary experiments in the future, e. g., photon-scattering experiments [16] , which can also address this lower energy region.
